To do so, we used individually titrated, "unpleasant but analyses are done in native space rather than on spatially normalized data. The FSL3 analysis confirmed the tolerable," electrical stimulations as the aversive stimulus (AvS). This AvS was chosen since it is a concrete SPM99 findings and yielded three large clusters with peak activations in the right ventral striatum, left ventral experience (as opposed to an abstract notion such as loss of points in a game), the intensity of the electrical striatum, and left anterior insula respectively (Table 2) . These clusters also contained local maxima in the region stimulation for each subject can be adjusted to a given level of unpleasantness; and finally, foot shock has been of right anterior insula and in the region of right anterior cingulate-thus replicating the observations of the SPM one of the most commonly used AvS in animal experiments where the ventral striatum has been implicated.
analysis. No other regions were activated. Thus, we observed reliable activation of the ventral striatum with mere anticipation of an aversive event. Results
Experiment 1 Experiment 2 To examine if the anticipation of AvS activates the ven-
To address the question of whether the activations in tral striatum, 11 subjects saw randomly sequenced colventral striatum were associated with the onset of the ored circles appear on a screen, where one color (S ϩ ) S ϩ (as would be predicted by a "direct" activation idea) was followed 5 s after onset by a brief (200 ms) AvS in or to the offset of the S ϩ (as would be expected if the one-third of the trials. The intensity of the AvS was tiactivation of the ventral striatum was related to the relief trated individually prior to the experiment to a level from termination of the aversive stimulus), a second where the subjects experienced it as "unpleasant but experiment was conducted. The experimental paradigm tolerable" (mean Ϯ SD; 58V Ϯ 21V). The other colored in experiment 2 was similar to the first (n ϭ 6; US ϭ circles (S Ϫ ) had no consequences. 52V Ϯ 25V), but a different imaging protocol was used. We compared the blood-oxygen level-dependent Based on an a priori hypothesis, we focused the imaging (BOLD) responses for S ϩ versus S Ϫ trials using a random on the region containing the ventral striatum that is optieffects analysis implemented in SPM99. Only the S ϩ mally done using coronal acquisition. By focusing on trials not followed by shock were used in the contrast. the brain region of interest it became possible to double The data showed differential activations in bilateral venthe sampling rate (TR ϭ 1.2 s versus TR ϭ 2.3 s), and tral striatum, bilateral anterior insula, and right anterior thus we collected four volumes of the region of interest cingulate (Figures 1 and 2 ; Table 1 ). To ensure the reliaduring anticipation compared to two in experiment 1 bility of this finding, we analyzed the data using another allowing a much more precise estimation of the time image analysis software, FSL3, where the time-series course of activation. We modeled the hypothesis as an explicit contrast: (S ϩ onset Ϫ S ϩ offset) Ϫ (S Ϫ onset Ϫ S Ϫ offset). Activations were obtained in bilateral ventral striatum (left: coordinates Ϫ12, 12, Ϫ10; peak Z ϭ 3.60; p Ͻ 0.01 corrected; right: coordinates 12, 10, Ϫ2; peak cessfully avoided while S Ϫ would be followed by a visual star. We collected the subject's reaction times (RT) for Z ϭ 4.37; p Ͻ 0.01 corrected; individual ␤ values are shown in Figure 3) . Further, the BOLD responses in the their avoidance response. Further, to assess autonomic arousal, galvanic skin responses (GSR) were also peak voxels in the ventral striatum suggest that it is the S ϩ onset rather than offset that activate this region sampled. The titrated intensity level of the AvS was 62V Ϯ 24V. (Figure 4) . We also found responses in bilateral anterior insula, but not in the cingulate or in the amygdala.
No (Table 3) . We teen subjects saw the same colored circles as in the previous experiments that denoted anticipation-but found clusters with peak voxels in regions similar to the passive experiments 1 and 2, i.e., bilateral ventral the circles now predicted that a target stimulus would appear soon and the subject would have to respond to striatum, bilateral anterior insula, and anterior cingulate (see Figure 5 ). There were also two additional clusters the target as quickly as possible by pressing a mouse button. One of the colors (S ϩ ) told the subject that if in the right cerebellum and in the right supramarginal gyrus respectively. The plot of signal change versus they did not respond quickly enough during the target they would receive the brief AvS to the index finger.
time displayed similar responses for S ϩ as the passive paradigm in Experiment 2, while the control condition Another color (S Ϫ ), which served as a motor/attentional control condition also required the subjects to respond also showed an increased BOLD response ( Figure 6 ). However, the response peaks in the ventral striatum for as quickly as possible, but the consequence in the case of failure was a visual star presented to the screen. The S ϩ were about twice as high as for S Ϫ . "as quickly as possible" threshold for avoidance was adjusted such that subjects should be successful only Discussion in about 75% of the trials. The subjects were told beforehand that S ϩ would be followed by the AvS if not sucWhile a previous study has shown that experience of painful thermal stimulation activates the ventral striatum (Becerra et al., 2001), this is to our knowledge the first study to show that mere anticipation of an aversive stimulus activates the ventral striatum in humans. The results are reliable as they have been confirmed in three experiments over 34 subjects, with two different imaging sequences, with two different paradigms, and further confirmed in experiment 1 with two different methods of analysis. The onset/offset analysis confirms a direct activation by the stimulus associated with the AvS, rather than an effect secondary to some kind of relief. There seems to be a link between dopamine, reward, and brain activations in the ventral striatum. Cocaine administration, which leads to dopamine release, in rats has been reported to result in brain activations in the ventral striatum (Marota et al., 2000) which is part of the mesolimbic dopaminergic system that has been impli- The findings in experiment 3, which involved an avertion of the amygdala, which has been reported by groups using aversive Pavlovian conditioning (Buchel et al., sive condition requiring action and a neutral condition also requiring action, support this more general "motiva-1998, 1999; LaBar et al., 1998). A reason for the absence of amygdala activation is probably that the subjects did tional salience" role for this system rather than being specifically involved in appetitive reward. Besides not have to learn the association between S ϩ and AvS during the experiment and we did not use an extinction avoiding the aversive stimulus, the subjects were requested to try to avoid a neutral stimulus and the subphase. The amygdala seems to be activated mainly during learning phases in conditioning paradigms (Buchel et jects complied well with the instructions since there are no differences in the number of avoided trials between al., 1998, 1999; LaBar et al., 1998), i.e., during acquisition and extinction phases of the association. For example, event types. Further, the avoidance RT is only 9% longer for the S Ϫ compared to S ϩ events and GSR above threshold were obtained in 37% of the S Ϫ events. These 
Subjects
The images were visually inspected for signal dropout due to Eleven right-handed subjects (five females) aged 28 Ϯ 6 years gave magnetic susceptibility in the region of ventral striatum. Volumes written informed consent and participated in the study according acquired during AvS were discarded for all subjects as the images showed artifacts in the slices obtained during the delivery of the AvS. to the guidelines of the local ethical review board. 
SPM99 Analysis
other. In total, 40 S ϩ trials and 40 S Ϫ trials were used. The subjects were told to try to avoid both types of consequences. The cue was All volumes were realigned to the first volume (Friston et al., 1995b) presented for 3 s and there was a 1.5 s gap between cue offset and and the anatomical image was coregistered to a functional image target onset. The AvS immediately followed the targets offset when to ensure that they were aligned. Finally, the images were spatially not avoided. A fixation cross was presented between trials and normalized (Friston et al., 1995a) to a standard EPI template (Evans each trial lasted for 13.8 s; i.e., the intertrial interval was about 9 s et al., 1993), resampled at 4 ϫ 4 ϫ 4 mm and smoothed using a 10 depending on the subject's reaction time. The 200 ms AvS was mm FWHM isotropic kernel. The data were analyzed by modeling the titrated individually until it reached the intensity where the subject event types as ␦ functions convolved with a synthetic hemodynamic said it was "unpleasant but tolerable" as described in the previous response function ( obtained, which violates the assumptions for a random effects The preprocessing steps of data were the same as in the SPM99 model within SPM (Holmes and Friston, 1998). The cue onsets were analysis in experiment 1 with the exceptions that the normalized defined as event onsets in the model similarly to the other experiimages were resampled at 2 ϫ 2 ϫ 2 mm and smoothed using a 6 ments. mm FWHM isotropic kernel and a larger mask was constructed using a modification by Dr. K. Christoff (www-psych.stanford.edu/ Acknowledgments kalina/). A larger mask was needed since three subjects showed some signal dropout in the region of the medial ventral striatum, We would like to thank Terry Bell, Peter Bloomfield, Garry Detzler, probably due to magnetic susceptibility. The mask is constructed Ted Harris-Brandts, and Irina Vitcu for assisting with their technical by using the subject's normalized inplane anatomical image, segexpertise. This study was supported from a CRC Chair to S.K. menting out the gray and the white matter from it, then combining them, and then smoothing it with a large kernel ( 
